A new theory, called the tilt constancy theory, claims that the Ponzo illusion is caused by the misperception of orientation induced by local visual cues. The theory relates the Ponzo illusion-along with the Zöllner, Poggendorff, Wündt-Hering, and cafe wall illusions-to the mechanisms that enable us to perceive stable orientations despite changes in retinal orientation or body orientation. In Experiment 1, the magnitude of the misperception of orientation was compared with the magnitude of the Ponzo illusion. In Experiment 2, predictions of the tilt constancy theory were compared with accounts based on (1) low spatial frequencies in the image, (2) memory comparisons (pool-and-store model), and (3) relative size judgments. In Experiment 3, predictions of the tilt constancy theory were tested against predictions of the assimilation theory of Pressey and his colleagues. In the final experiment, the orientation account was compared with theories based on linear perspective and inappropriate size constancy. The results support the tilt constancy theory.
Illusions have long been considered to provide insights into normal visual processing. Thus Richard Gregory asked, "Can it be that illusions arise from informationprocessing mechanisms that under normal circumstances make the visible world easier to comprehend?" (Gregory, 1968, p. 66) . A critical issue has been which normal information-processing mechanisms are reflected by specific illusions. The Ponzo illusion, illustrated in Figure 1 , has been claimed to reflect many different fundamental visual processes, from spatial frequency filtering in cortical area V1 to the linear perspective and the inappropriate application of size constancy.
We propose a new theory of the Ponzo illusion that is based on the mechanisms of orientation perception. Specifically, we propose that the Ponzo illusion is due to the misperception of orientation induced by local visual cues. A consequence of the misperception of orientation is that the bar near the apex (i.e., on the right) of the Ponzo illusion illustrated in Figure 1 appears longer than the bar near the base (i.e., the bar on the left). We will suggest that the mechanisms that normally help us perceive constant orientation despite changes in retinal orientation (tilt constancy) may underlie this illusion. In this report, we will first present this new account of the Ponzo illusion. Second, we will test our theory against theories based on linear perspective and size constancy (e.g., Gillam, 1980; Gregory, 1963) , low-pass filtering (Ginsburg, 1984) , assimilation (Girgus & Coren, 1982; Pressey & Epp, 1992) , and relative size comparisons (Künnapas, 1955) . Finally, we will extend our theory to account for other illusions, some of which are illustrated in Figure 1 .
The role of local visual cues in the perception of orientation was illustrated in a classic study by Gibson (1937) . This effect is termed the tilt induction effect. Observers were presented a stimulus such as that in Figure 2A . The task was to set the shorter line to be vertical. Gibson found that the observers distorted their adjustments in the direction of the context lines. That is, the tilted context distorted the observer's sense of vertical. Thus, with stimuli such as that in Figure 2A , the observers perceived the vertical line as tilted in a counterclockwise direction and therefore adjusted it too far in a clockwise direction to make it appear vertical. The opposite was true of stimuli like that shown in Figure 2B . When the context is presented before the line to adjust, the effect is called the tilt-after effect (Gibson & Radner, 1937) .
The Zöllner illusion has long been considered an example of the tilt induction effect (Day, 1972; Howard, 1982, pp. 156-157) . In Figure 1 (Zöllner illusion), the horizontal lines appear slanted in the direction opposite the context lines. Note that the effect of context is local, so that in Figure 1 , the context lines on the top determine the perceived orientation of the line on the top and those on the bottom determine the perceived orientation of the line on the bottom.
We propose that the Ponzo illusion is caused by the same mechanism as the tilt induction effect and the Zöll-ner illusion. To understand the relation between the tilt induction effect and the Ponzo illusion consider Figure 3 . In Figure 3A , because of the tilt induction effect, the vertical line will appear slanted in the direction opposite the slanted line (i.e., it will appear tilted in a counterclockwise direction). We have shown that this effect will cause the dot on the top to be perceived as shifted to the left, as compared with the dot on the bottom (Shimamura & Prinzmetal, 2000) . In Figure 3B , the dot on the top will appear
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shifted to the right, as compared with the bottom dot. Figure 3C simply puts the two illusions together and connects the dots in a different manner. The consequence of the misperception of the location of the dots is that the top horizontal line will appear longer than the bottom horizontal line. In Experiment 1, we test whether the misperception of orientation caused by the tilt induction effect (illustrated in Figures 3A and 3B ) is of sufficient magnitude to account for the Ponzo illusion ( Figure 3C ). Figure 4 illustrates the relation between the Ponzo and the Zöllner illusions. In the Zöllner illusion, the distance between the long lines appears larger on the right, whereas in the Ponzo illusion the vertical line on the right appears longer. The lower panel superimposes the two illusions and illustrates that the Ponzo illusion is implicit in the Zöllner illusion. In the Zöllner illusion, the oblique context lines cause the right end of the horizontal lines to appear farther apart than the left end. In the Ponzo illusion, the oblique lines cause the ends of the vertical line on the right to appear farther apart than the ends of the vertical line on the left. The consequence of this distortion in the Ponzo illusion is that the vertical line on the right appears longer than the one on the left (see Figure 1) . Described in this manner, the relation between the Zöllner and the Ponzo illusions could be considered a hidden-figures task: One can see little Ponzo figures hidden in the Zöllner illusion.
There are a number of similarities between the Ponzo illusion, on the one hand, and the Zöllner and tilt induction illusions, on the other. For example, Gibson (1937) showed that the tilt induction effect was strongest when the contest line was from 15º to 20º from vertical or horizontal (see also Andriessen & Bouma, 1976; Kramer, 1978; Shimamura & Prinzmetal, 2000) . Similarly, the Zöllner illusion is greatest when the angle between the test and the context lines is in this same range (e.g., Oyama, 1975; Wallace & Moulden, 1973) . Note that the Ponzo illusion is greatest when each of the oblique lines is 15º-20º from vertical or horizontal (Fisher, 1968b (Fisher, , 1973 . Gibson noted that the tilt induction effect is greater when the context lines are near vertical than when they were near horizontal. Similarly, both the Zöllner and the Ponzo illusions are greater in the vertical than in the horizontal orientation (Fisher, 1968b (Fisher, , 1973 Oyama, 1975) . We do not know the cause of this difference, but it may be related to other anisotrophies in the visual field (Prinzmetal & Gettleman, 1993) . Of course, these similarities may simply be a coincidence, and the misperception of length in the Ponzo illusion might be unrelated to orientation perception. The goal of this paper is to directly test this account of the Ponzo illusion.
Our account of the Ponzo illusion is part of a more general theory that we call the tilt constancy theory (see Prinzmetal & Beck, in press; Shimamura & Prinzmetal, 2000) . We will present the theory in more detail in the General Discussion section. Briefly, by tilt constancy, we mean the ability to perceive vertical and horizontal despite changes in retinal orientation. We have also called this approach the orientation framing theory (Shimamura & Prinzmetal, 2000) , but here we use the term tilt constancy to emphasize the adaptive significance of the mechanisms that underlie these illusions. In the tilt induction effect, visual cues (the oblique lines) cause errors in the perception of orientation, but generally visual cues to orientation provide veridical and stable information about vertical and horizontal, despite changes in retinal orientation. Although the goal of the present paper is to test the tilt constancy theory of the Ponzo illusion, we will suggest in the General Discussion section that the theory can also account for a number of other illusions.
In Experiment 1, we compared the magnitude of the misperception of orientation with the magnitude of the Ponzo illusion, using the same observers and almost identical stimuli. This experiment illustrates that the misperception of orientation is of the appropriate magnitude to account for the Ponzo illusion.
In Experiments 2, 3, and 4, we compared our tilt constancy theory of the Ponzo illusion with previous theories of this illusion. The theories that we considered in this paper are (1) the low-pass filter theory (Ginsburg, 1984) , (2) the assimilation theory (Pressey & Epp, 1992) , (3) Zöllner Ponzo napas and others (Künnapas, 1955) , (4) the pool-andstore theory of Girgus and Coren (1982) , and (5) a family of theories that make reference to linear perspective and size constancy (e.g., Gillam, 1980; Gregory, 1963) . Although this list of theories is not complete, they may be the most prominent theories of the Ponzo illusion, and they are reasonably diverse. The present experiments were designed to contrast predictions of each of these theories with predictions based on the misperception of orientation. Each of these theories will be discussed in more detail within the context of the experiments that follow.
EXPERIMENT 1
In Figure 5A , the top horizontal line appears longer than the bottom horizontal line. We propose that this is because, in making length judgments, observers, to some extent, are making judgments about the orientation of two virtual lines connecting the ends of the horizontal lines. If these virtual lines appeared vertical, the horizontal lines would appear to be the same length. However, these virtual lines do not appear vertical, and therefore the horizontal lines do not appear to be the same length. The sense of vertical orientation of the virtual lines is affected by the nearest oblique line.
The issue addressed in this experiment is whether the misperception of vertical alignment is of sufficient magnitude to account for the Ponzo illusion. To measure the Ponzo illusion, we presented observers with stimuli like that in Figure 5A . The observers' task was to adjust the length of the bottom horizontal line to match the length of the top horizontal line. (As the observers adjusted the line, it changed at both ends.) Most of the observers overestimated the length of the top line and thus made the length of the line on the bottom too long.
In designing a task to measure observers' sense of alignment, we had two criteria. First, we wanted the stimuli to be similar to the Ponzo stimuli ( Figure 5A ). Second, we wanted to make the task so that it was impossible for observers to do the task by matching line length. These criteria were met with the stimulus illustrated in Figure 5B . The observers adjusted the length of the line on the bottom so that the free end of the line was vertically aligned with the end of the top horizontal line.
In summary, the claim is that when making length judgments in Figure 5A , observers are attempting to align the end of the lines and the sense of alignment is affected by the oblique context lines. Hence, the magnitude of the error from the alignment task ( Figure 5B ) should predict the magnitude of the Ponzo illusion.
Method
Procedure. The method of adjustment was used for both the Ponzo illusion task and the alignment task. To measure the Ponzo illusion ( Figure 5A ), on each trial, the observers adjusted the length of the bottom horizontal line to match the length of the top horizontal line, using the up and down arrow keys on a computer keyboard. Each time the observer pressed the up arrow key, the base line got longer by 1 pixel but was centered between the context lines. 1 In a similar manner, the down arrow key made the bottom line shorter. The observers were instructed to take their time. When they were satisfied with their adjustment, they pressed the return key. Each subject was tested for 24 trials.
For the alignment task, the observers were presented with stimuli similar to that in Figure 5B . The task was to adjust the free end of the bottom line so that it was "vertically aligned, according to gravity" with the free end of the top line. On half of the trials, the free end was on the right side of the figure (as in Figure 5B ), and on half the trials, the free end was on the left side of the figure. Each subject was tested for a total of 24 trials, and the order of the leftand right-hand versions was randomly determined.
The initial setting of the bottom line was randomly chosen from a rectangular distribution of lengths from 50% shorter than the top horizontal line to 50% longer than this line. Each observer participated in both tasks, with half the observers beginning with the Ponzo task. The experiment took about 10 min.
Stimuli. The stimuli were presented on a 17-in. Apple Macintosh monitor set at 832 3 624 pixels. The stimuli were drawn in black on a white background. The observers sat 40 cm from the monitor, A B with their head restrained with a chinrest. The stimuli in Figure 5 are drawn to scale. The horizontal lines were 4 pixels wide. In the Ponzo task, the top (standard) line was 120 pixels long (4.2 cm), subtending a visual angle of 6.1º. The initial setting of the bottom line was randomly determined and was from 60 to 180 pixels (from 3.1º to 9.1º of visual angle). In the alignment task, the top line was always 128 pixels in length, subtending a visual angle of 6.5º. The initial setting of the length of the bottom line was randomly determined on each trial and was from 64 to 192 pixels in length (from 3.3º to 9.7 º of visual angle). The oblique context lines were slanted 18.4º from vertical.
Observers. There were 20 observers recruited from among graduate and undergraduate students in the University of California, Berkeley, psychology department. The observers' ages ranged from 22 to 41 years. Across the experiments reported in this paper, approximately half the observers were male, and half were female.
Results
In the Ponzo task, the observers adjusted the bottom line too long by an average of 12.8 pixels. This error corresponds to adjusting the line 10.7% too long, which is typical for the Ponzo illusion. (Note that 20 pixels equals 1º of visual angle.) Each of the 20 observers exhibited the illusion (e.g., Fisher, 1968b Fisher, , 1973 ).
In the alignment task, when the free ends to align were on the left, the observers adjusted the bottom line an average of 5.7 pixels too far to the left. When the free ends were on the right, they adjusted the end of the line an average of 6.0 pixels too far to the right. The difference between the left and the right errors did not approach significance.
If the Ponzo illusion is due to a misperception of alignment, the Ponzo illusion should be similar to the total alignment illusion (left + right misalignment). The magnitude of the Ponzo illusion was indeed close to the total alignment illusion, 12.8 versus 11.7 (i.e., 5.7 + 6.0) pixels. This difference was not reliable by a paired t test [t(19) 5 1.24] . The standard deviation of the 24 settings, averaged over the 20 observers, was 5.7 and 4.6 pixels for the Ponzo and the alignment tasks, respectively. Hence, the alignment task gives an illusion of a magnitude that almost perfectly predicts the Ponzo illusion. For this group of observers, if we were to predict the magnitude of the Ponzo illusion from performance on the alignment task, we would err by a mere 1.1 pixels (0.056º of visual angle).
We were worried that the experience of performing one task might change observers' strategy on the other task. For example, having first performed the alignment task, observers might have a different strategy in doing the Ponzo task than they would if they had not performed the alignment task. Hence, we separately analyzed only the first block, which constitutes a between-groups comparison. The difference between the magnitude of the Ponzo illusion and that of the total alignment illusion was not significant [t(18) 5 0.83]. The average error for the Ponzo group was 11.8 pixels, and the average total error for the alignment group was 13.7 pixels.
Finally, if the cause of the Ponzo illusion is a misperception of orientation, observers who evince a large alignment illusion should also have a large Ponzo illusion. The correlation between tasks was quite high (r 5 .71, p < .01). There could be other reasons for the correlation between tasks, but the high correlation between these two illusions is consistent with the claim that the two illusions are caused by the same mechanism.
Discussion
This experiment demonstrates that the misalignment owing to the oblique context lines can cause an illusion of the same magnitude as the Ponzo illusion. In a sense, the alignment task is a quantitative model for the Ponzo illusion with no free parameters. We were somewhat surprised at how closely the illusions matched in magnitude. Note that in the alignment task ( Figure 5B ), it is impossible to use length to perform the tasks, because the bottom line will always be longer. When making the length judgment (i.e., the Ponzo illusion, Figure 5A ), observers could use line length and a sense of vertical to make the judgment.
Note that there are two interpretations of our explanation of the Ponzo illusion and the close correspondence between the results of the two tasks. On the one hand, observers may be literally lining up the ends of the lines with what they perceive as vertical. On the other hand, the oblique lines may be distorting the representation of space so that one would obtain a Ponzo illusion even if the ends of the lines did not line up. For example, Post, Welch, and Caufield (1998) found that the Müller-Lyer and Judd illusions are caused by the expansion and/or the contraction of space near the arrowheads. On this interpretation, the oblique lines cause local distortions of space so that the ends of the lines need not be directly in alignment.
Of course, the similarity in magnitude between the illusions could be a coincidence. Furthermore, other theories may also be able to account for the magnitude of the Ponzo illusion (e.g., Pressey, Butchard, & Scrivner, 1971) . Demonstrating that a theory is capable of generating an illusion of the correct magnitude is only weak evidence for that theory. A better approach is to compare directly the predictions of competing theories. In the remaining experiments, we compare predictions of our orientation account of the Ponzo illusion with previous theories of this illusion. Note, however, that if we can demonstrate that other theories do not account for the Ponzo illusions, it is unnecessary to postulate multiple causes of this illusion: The misperception of orientation is of sufficient magnitude to account for the entire Ponzo illusion.
EXPERIMENT 2A
Experiments 2A and 2B compared the low-pass filter theory (Ginsburg, 1984) , the pool-and-store model (Girgus & Coren, 1982) , and a size-comparison theory with the tilt constancy theory. The low-pass filter theory is based on the idea that early in visual processing, the visual system performs operations akin to Fourier analysis (DeValois & DeValois, 1990), creating a functional sep- For the pool-and-store model (Girgus & Coren, 1982) , like the low-pass filter theory, the critical stimulus factor is the size of the gap between the parallel lines and the context. At the apex of the figure, where this gap is small, the parallel line and the context are apprehended in a single glance, whereas at the bottom end of the f igure, perception of the test line and the context requires more than one glance, according to the pool-andstore model. Objects that are apprehended in a single glance exhibit assimilation (i.e., are pooled), whereas those that are apprehended in different glances require that information be retained (i.e., stored) and result in a contrast effect. The assimilation at the top of the figure is a mechanism similar to Pressey's assimilation model (discussed below), whereas the contrast notion is unique to this theory.
The size-comparison theory is based on the finding that a line in a small rectangle can appear longer than the same line in a large rectangle (e.g., Gogel & Sturm, 1972; Künnapas, 1955; Rock & Ebenholtz, 1959) . The claim is that observers are making an implicit comparison between the sizes of the gaps at the top and the bottom of the figure. In the Ponzo figure, the gap between the top horizontal line and the context line is smaller than the gap between the bottom horizontal line and the context. Any implicit size comparison would have the consequence of making the top line appear longer.
Hence, the critical stimulus factor for all three theories is the relative size of the gap between the context and the test lines. To test this claim, we compared the standard Ponzo figure ( Figure 7A ) with what we term the rectilinear version ( Figure 7B ). The critical factor is that the sizes of the gaps between the parallel lines and the apex line were the same in the two figures. 2 The length of the base line varied, but the gap size between a given base line and the context was the same in the standard and the rectilinear versions. Because the gap size is the same, all three theories predict that the standard and the rectilinear forms should yield the same size illusion. Note that in several respects, Experiment 2A is similar to work by Fisher (1968b Fisher ( , 1973 ). We will review Fisher's results in the Discussion section.
The tilt constancy theory makes a very different prediction. We propose that the oblique context lines in the Ponzo figure locally affect the perception of vertical and horizontal. The rectilinear version ( Figure 7B ) does not have any oblique lines. Therefore, we do not predict an illusion in the rectilinear version.
Method
Procedure. As in Experiment 1, the method of adjustment was used to measure the Ponzo illusion in the standard version (Figure 7A) or the rectilinear version ( Figure 7B ). On each trial, the observers were presented with either the standard or the rectilinear version. The top line was the standard, and the task was to adjust the length of the bottom line to match the length of the standard line. The observers adjusted the length of the bottom line as in Experiment 1.
Each observer was tested for 12 trials with the standard Ponzo and for 12 trials with the rectilinear version. The order of trials was randomly determined for each observer. The initial setting of the bottom line was determined as before. The experiment took about 10 min.
Stimuli. The apparatus and stimuli were similar to those used for Experiment 1. The dimensions of the standard Ponzo were exactly the same as those in Experiment 1. The length of the horizontal lines was the same for the standard and the rectilinear stimuli. The stimuli in Figure 7 are drawn to scale so that overall, the sizes of the standard and the rectilinear Ponzo figures were very similar.
Observers. There were 24 observers recruited from the University of California, Berkeley, psychology department subject pool. They were given course credit for their participation. Each observer participated in several different diverse experiments in a 1-h session, including Experiment 3 (described below). The observers' ages ranged from 18 to 21 years.
Results and Discussion
Counter to the predictions of the low-pass filter, pooland-store, and size-comparison theories, the standard version of the Ponzo yielded a significantly greater illusion than did the rectilinear version [9.78% vs. 0.16%; t(23) 5 9.99, p < .01]. In the standard version, 23 of 24 observers adjusted the bottom line longer than the top line (i.e., a normal Ponzo illusion), whereas with the rectilinear version, 12 observers adjusted the bottom line longer than the standard, while 12 adjusted it shorter. Hence, with the standard version, we obtained a robust illusion, whereas with the rectilinear version, the illusion vanished, as was predicted by the tilt constancy theory.
Before discussing these results, we wanted to test an alternative explanation of the findings. It is possible that there is additional information in the rectilinear version that assists observers in making more veridical settings. Consider Figure 7B . Perhaps observers can mentally project the top vertical lines of the context toward the base lines. This imagined line would provide extra information to help observers make more veridical settings in the rectilinear version than in the standard version. Consistent with this explanation, the observers exhibited less variability in the rectilinear version than in the standard version. The standard deviation of the 12 settings, averaged over the 24 observers, was 4.6% and 3.6% illusion for the standard and the rectilinear versions of the Ponzo, respectively. Experiment 2B tested this hypothesis.
EXPERIMENT 2B
Experiment 2B was similar to Experiment 2A, except that the stimuli were made asymmetrical, as is shown in Figures 7C and 7D . The context in the standard version ( Figure 7C ) included one oblique line and one vertical line. Fisher (1968a) has demonstrated that a Ponzo illusion can be obtained with a single oblique line of about half the strength of the two-lined version. With a single oblique line and a vertical line, we would also expect an illusion of about half the magnitude as that with the standard version in Experiment 2A, because local orientation perception is only affected on one side of the figure. On the other hand, the low-pass filter, pool-and-store, and the size-comparison theories predict no difference between the standard Ponzo versions in Experiments 2A and 2B ( Figures 7A and 7C) , because the gaps are approximately the same size.
The critical prediction, however, is between the asymmetrical rectilinear version ( Figure 7D ) and the asymmetrical standard version ( Figure 7C ). The low-pass filter, pool-and-store, and size-comparison theories predict the same illusion, because the gaps between the context and the parallel lines are the same for the top horizontal line. Our tilt constancy theory predicts an illusion in the asymmetrical standard version ( Figure 7C ), but not in the asymmetrical rectilinear version ( Figure 7D ). Since the parallel lines were offset relative to each other, the criticism discussed above does not apply.
Method
The procedure was identical to that in Experiment 2A, except that we used asymmetrical versions of the rectilinear and the normal Ponzo illusions (see Figures 7C and 7D ). The apex (standard) and base (adjustable) lines were centered between the context lines. Sixteen observers participated.
Results and Discussion
Consistent with the tilt constancy theory, the asymmetrical standard version of the Ponzo yielded a significantly greater illusion than did the asymmetrical rectilinear version [4.67% vs. 2 1.25%; t(15) 5 4.11, p < .01]. (The negative number indicates that the observers adjusted the line shorter than the standard.) The standard deviations of the 12 settings, averaged over the 16 observers, were 4.1% and 7.0% illusion for the asymmetrical standard and the rectilinear versions, respectively. In the asymmetrical standard version, 14 of 16 observers adjusted the base line longer than the apex line (i.e., a normal Ponzo illusion), whereas with the asymmetrical rectilinear version, 8 observers adjusted the base line longer than the standard, while 8 adjusted it shorter. Comparing the standard version (Experiment 2A, Figure 7A ) with the asymmetrical standard version (Experiment 2B, Figure 7C) , we obtained an illusion about half the magnitude of that for the standard Ponzo in Experiment 2A (9.78% vs. 4.67%), but neither rectilinear version yielded an illusion.
Although the tilt constancy theory did not predict an illusion in the rectilinear figures, we have to admit surprise that we did not obtain some illusion with these stimuli. Size framing has been demonstrated many times, and it is a reliable, robust finding (e.g., Gogel & Sturm, 1972; Künnapas, 1955; Rock & Ebenholtz, 1959) . Thus, one might have expected that whereas both the mechanism of orientation and that of size framing would operate in the standard Ponzo figures, size framing would operate in the rectilinear versions. Hence, one might reasonably expect the illusion to be reduced, not eliminated. In fact, Fisher (1968b) found a small framing effect with similar stimuli. Note, however, that Fisher (1973) did not replicate this effect.
Although we do not know why we did not obtain a sizeframing effect, we suggest three possible factors. One possibility is that in comparison with the size-framing experiments cited above, the gap between the parallel lines and the context (particularly the top horizontal line) in our experiment was much smaller than in previous experiments. This factor would suggest a possible dissociation between the Ponzo illusion and size framing. Whereas the Ponzo is greatest when the gap between the apex line and the context lines is small (see, e.g., Fisher, 1969; Jordan & Randall, 1987) , the opposite might be true of size framing. A second possibility is that in the typical size-framing experiment, the large and small frames form different objects, whereas in our figure, they form a single object (cf. Fisher, 1968b) . Finally, in Fisher's (1968b) experiment, the context lines were very thick and prominent, as compared with the test lines. Perhaps in that situation, a process like low-pass filtering operates. Finally, note that the low-pass filter theory, the pool-andstore model, and a size-comparison theory all predict no difference in illusion magnitude with the rectilinear and the standard versions of the Ponzo illusion in Experiments 2A and 2B.
We are by no means arguing that size framing does not take place. Nor are we arguing that the visual system does not engage in processes akin to Fourier analysis (DeValois & DeValois, 1990) . We are arguing that neither explanation is necessary or sufficient to account for the Ponzo illusion.
EXPERIMENT 3
Pressey and his colleagues (Pressey et al., 1971; Pressey & Epp, 1992) proposed that the Ponzo illusion is caused by the same mechanism that causes the Müller-Lyer illusion (see Figure 8A ). In the Müller-Lyer illusion, the horizontal shaft connecting the wings out (top of Figure 8A) appears longer than the horizontal shaft connecting the wings in (bottom, Figure 8A ). According to Pressey, the Müller-Lyer illusion is caused by a process that assimilates the "wings" of the Müller-Lyer figure with the shaft. Pressey pointed out that the Ponzo figure contains components of the Müller-Lyer figure. These components are shown with solid lines in Figure 8B . To the extent that the components consistent with the Müller-Lyer illusion affect perception in the Ponzo figure, the top horizontal line should appear longer than the bottom line.
The Ponzo figure also contains components that are inconsistent with the Müller-Lyer illusion, however. In Figure 8B , these components are drawn with dashed lines. The line segments inconsistent with the Müller-Lyer illusion would tend to work against the Ponzo illusion. The reason that the Müller-Lyer-consistent line segments have a greater effect on perception, according to Pressey, is that while engaged in an experiment, observers are attending to the center of the figure. Observers' field of attention is illustrated with a gray circle in Figure 8B . Observers process more information in the A B
Wing out
Wing in center of the figure, and hence the Müller-Lyer-consistent line segments have a greater influence than do the inconsistent segments (dashed lines).
We tested the assimilation theory of the Ponzo illusion by comparing the normal Ponzo figure ( Figure 9A ) with a version that contained only Müller-Lyer consistent line segments ( Figure 9B ). Regardless of the state of attention, Pressey's theory predicts that the version with only Müller-Lyer-consistent line segments should have an illusion as great as or greater than the standard version (which contains both consistent and inconsistent line segments). The tilt constancy theory would make the opposite prediction: The standard Ponzo figure should have a greater illusion than the Müller-Lyer-consistent version. The reason for this prediction is that in the standard version, there are clear contours on the left and right to locally perturb orientation perception. In the Müller-Lyerconsistent version, these contours have been distorted. Hence, we were able to create a situation in which the two theories made opposite predictions.
Method
The procedure was identical to that in the previous experiments, except for the following. The observers were tested for 12 trials with the standard Ponzo version, and for 12 trials with the Müller-Lyer version. The order of trials was randomly determined for each observer. The same 16 observers participated in this experiment as in Experiment 2B. Half participated in Experiment 3 first, and half in Experiment 2B first. The dimensions of the standard Ponzo were identical to those in the previous experiments, and the stimuli in Figure 9 are drawn to scale.
Results and Discussion
The normal Ponzo figure exhibited a significantly larger illusion than did the Müller-Lyer version (9.34% vs. 6.63% illusion, respectively). This difference was reliable [t(15) 5 4.55, p < .01]. The variability of setting was similar with the two figures. The standard deviation of the 12 settings, averaged over the 16 observers, was 4.0% and 3.3% for the standard and the Müller-Lyer versions of the Ponzo, respectively.
In this experiment, the assimilation theory and the tilt constancy theory made different predictions. The assimilation theory claims that the Ponzo illusion is caused by the same mechanism as the Müller-Lyer illusion. Hence, a version of the Ponzo illusion that is more similar to the Müller-Lyer illusion should exhibit a greater illusion. The tilt constancy theory made the opposite prediction. The normal version has consistent oblique contours with which to affect orientation perception, whereas in the Müller-Lyer version, the contours are not as clear. The results favored the tilt constancy theory over the assimilation theory.
One might object that the Müller-Lyer version (Figure 9B) is not a fair test of Pressey's theory, because the Müller-Lyer illusion itself would be reduced if there were a gap between the wings out and the shaft. Note, however, that the Ponzo is normally drawn with a gap between the top line and the context lines. In this regard, it is interesting to note that the "Ponzo" stimuli used by Pressey and his colleagues do not contain a gap between the context lines and the top horizontal line (e.g., Pressey et al., 1971; Pressey & Epp, 1992) . Thus, both our standard and our Müller-Lyer versions are more similar to the Ponzo illusion, as it is normally depicted, than is that used by Pressey and his colleagues. It may be possible to draw a version of the Ponzo figure that is more similar to the Müller-Lyer illusion. For the typical Ponzo figure, however, making it similar to the Müller-Lyer figure does not increase the illusion; rather, it decreases it.
Of course, the Müller-Lyer illusion, whatever its cause, is an extremely robust illusion. However, Experiment 3 demonstrated that an explanation of the Ponzo illusion in terms of the mechanisms that cause the Müller-Lyer illusion is neither necessary nor sufficient. We frankly have no idea of the cause of the Müller-Lyer illusion. That illusion may be due to some form of assimilation, as was suggested by Pressey and his colleagues. Alternatively, it may be caused by the inappropriate application of a sizeconstancy mechanism (Gregory & Harris, 1975) . Whatever its cause, we believe that it is not related to the Ponzo illusion, for three reasons. First, in a factor-analytic study, Coren, Girgus, Erlichman, and Hakstian (1976) found that the Müller-Lyer illusion and the Ponzo illusion were not classified together: Observers who show a large Ponzo illusion are not the same observers as those who show a large Müller-Lyer illusion (cf. our findings in Experiment 1). Second, although both the Müller-Lyer illusion (Coren & Girgus, 1978, p. 31 ) and the Ponzo illusion (Fisher, 1968b (Fisher, , 1973 vary in strength as a function of the angle between the components, there are fundamental differences. The Müller-Lyer illusion generally increases monotonically as the angle becomes more acute (as long as the shaft lines are not too long), whereas the strength of the Ponzo illusion first increases, then decreases with the angle. Finally, Coren (1986) has shown that it is not the angle between the shaft and the arrowheads that is critical, but how far from the shaft the arrowheads extend. Longer arrowheads and more acute angles are equivalent in their effect on the Müller-Lyer illusion. In fact, it has been long known that any blobs at the ends of the shaft can cause a Müller-Lyer-like illusion. Thus, there are ample empirical grounds for believing that the Ponzo and the Müller-Lyer illusions are caused by different mechanisms.
In retrospect, Experiment 3 could also be considered a test comparing our tilt constancy theory with the lowpass filter theory and the pool-and-store theory. In the present experiment, we emphasized the assimilation theory. The assimilation theory predicted a larger illusion in the Müller-Lyer version ( Figure 9B ), whereas we predicted a larger illusion in the standard version ( Figure 9A ). Low-pass filtering is one possible mechanism to account for assimilation. Indeed, depending on the parameters of the model, low-pass filtering might predict a larger illusion in the Müller-Lyer version ( Figure 9B ) than in the standard version ( Figure 9A ), because in a filtered representation, the center of mass of the blob formed by the apex line and the context lines would be farther from the center of the figure. The results were consistent with the tilt constancy theory and inconsistent with the lowfrequency, pool-and-store, and assimilation theories.
EXPERIMENT 4
Probably the most popular and influential theories of the Ponzo illusion make reference to depth perception, linear perspective, and/or size constancy. There are actually four or five related theories (Green & Hoyle, 1963) , but we will mention only two. According to one version, a Ponzo stimulus triggers a linear perspective mechanism so that the apex of the figure is perceived as being farther from the observer than is the base of the figure. Inappropriate application of size constancy therefore makes the apex line (usually a horizontal line on the top) appear longer (Gregory, 1963 (Gregory, , 1968 . 3 Alternatively, the application of the linear perspective mechanism, without perceived depth, could be responsible for the illusion (Gillam, 1980) . According to this view, the foreshortening caused by linear perspective causes the illusion (Gillam, 1973) . For the purposes of Experiment 4, all of the theories that make reference to depth perception and/or linear perspective make the same prediction, so we will simply call them the perspective family of theories.
The predictions of the perspective family can be seen in reference to Figure 10 , Condition 1. The figure includes the Ponzo figure (vertical lines on the left), and it also could be interpreted in terms of linear perspective. One could imagine looking down a long hallway, with the small rectangle in the center as the distant end of the hallway. The right vertical line could be interpreted as being farther from the observer than the left vertical line. Since the two vertical lines subtend the same visual angle in the figure, the apex line (right vertical line) should appear longer, according to the perspective family of theories. Most observers will perceive the right line to be longer than the left line, consistent with the Ponzo illusion.
The tilt constancy theory makes the same prediction for Figure 10 , Condition 1. When judging the height of the tops of the lines, local context (the oblique line) will make the top of the right line appear higher. When judging the bottoms of the lines, local context (the oblique line) will make the bottom of the right line appear lower. Since both theories make the same prediction for Condition 1 (and the Ponzo illusion in general), we created stimuli for which each theory would make a unique prediction.
In judging the length of the two vertical lines in Condition 2 (Figure 10 ) the tilt constancy theory reverses its prediction. Because of local context, the top of the left line will be perceived as higher, and therefore the left line will be perceived as longer. Furthermore, the strength of the effect should be about half of that for Condition 1, because there is only one oblique line to affect the observer's perception. It is unclear what the perspective theories would predict. Perhaps the simplest prediction is that since the two lines are at equal height in the picture, they are at the same distance from the observer and, therefore, should be perceived as equal in length.
The predictions of the perspective family of theories are clear in Condition 3, however. The line on the right should be perceived as farther from the observer, because of linear perspective and the adjacency principle (Gogel, 1978). The adjacency principle states that the perceived distance of an object at an unknown distance will be the same as that of objects near it. Hence, the line on the right should be perceived as longer (see Figure 10, Condition3) . Furthermore, the magnitude of the illusion should be the same as that in Condition 1, because the distance between the lines is identical to that in Condition 1. The tilt constancy theory predicts no difference between the perceived lengths of the lines, since the effect of local context will be identical.
Method
Each observer was run for a single block of 24 trials. There were 8 trials of each condition randomly intermixed within the block. The task was to adjust the length of the vertical line on the left to match the length of the line on the right, using the arrow keys on the keyboard, as in the previous experiments. Note, however, that unlike the previous experiments, the base line (left vertical line) was fixed in length, and the observer's task was to adjust the length of the line on the right. Also, in each condition, the top of the adjustable line was fixed, and the bottom of the line on the right became longer or shorter as the observer pressed the arrow keys on the keyboard. 4 The stimulus patterns were placed on the monitor in the position shown in Figure 10 . The figure is accurately drawn to scale; the outline of the panels represents the edge of the viewable area of the monitor. The standard line (vertical line on the left) subtended a visual angle of approximately 4.6º (120 pixels). The length of the adjustable line was randomly set at the beginning of each trial, as before. Twenty-four observers participated. In all other respects, the experiment was identical to the previous experiments.
Results
In Condition 1, in which the lines are objectively the same length, both theories predict that observers will perceive the left line as longer. Therefore, observers should adjust the line too short. Indeed, each of 24 observers adjusted the right line too short. The mean magnitude of the illusion was 2 4.94% (the sign indicating that the line was adjusted too short).
In Condition 2, the orientation theory predicted that observers should make the opposite error; they should adjust the line too long. Twenty of 24 observers adjusted the line too long. The mean illusion error was +2.38%, as would be predicted by the tilt constancy theory; this illusion was about half of the illusion in Condition 1, but it was significantly greater than zero [t(23) 5 4.96, p < .05].
Finally, the linear perspective family of theories predicted the same illusion in Condition 3 as in Condition 1; the observers should have adjusted the line too short. Only 8 of 24 observers adjusted the line too short. The average magnitude of the illusion was +0.881%, not significantly different from zero [t(23) 5 1.49] .
By analysis of variance, the illusion magnitude significantly differed by condition [F(2,46) 5 71.34, p < .01]. The standard deviation of the eight settings (per condition), averaged over the 24 observers, was 1.9%, 1.9%, and 3.6% for Conditions 1-3, respectively. In summary, both theories predicted the results in Condition 1. The prediction of the tilt constancy theory for Condition 2 was supported, whereas the prediction of the linear perspective family of theories for Condition 3 was not supported.
Discussion
Experiment 4 demonstrates that an explanation in terms of linear perspective and size constancy is neither necessary nor sufficient to account for the Ponzo illusion. Of course, we are not arguing that the mechanisms responsible for the processing of linear perspective and/or size constancy do not play a role in perception. Indeed, perceptual errors induced by the misapplication of size constancy can be powerful. Furthermore, these other mechanisms may, under special circumstances, affect or contribute to the perception of Ponzo-like stimuli. For example, elaborating a Ponzo stimulus so that it appears three-dimensional (with, e.g., additional perspective cues) can enhance the illusion. However, as Newman and Newman (1974) correctly point out, increasing the size of the illusion by adding a factor does not logically mean that that factor is the cause of the illusion; it simply adds another effect.
The fact that another factor, such as perceived depth, may affect the Ponzo illusion without causing the basic illusion is illustrated in Figure 11 (see Rock, 1984, p. 156) . If Figure 11 is perceived as a pyramid from above, the upper line appears longer, even though it is perceived as being closer than the lower line. Thus, there is some factor operating in opposition to perceived depth. We believe that factor involves local orientation cues. Of course, Figure 11 is ambiguous, and the lower line may be perceived as closer than the top line. Perceived depth, operating with orientation, can increase the effect. The fact that perceived depth does not reverse the effect when the figure is perceived as a pyramid demonstrates that it is not a sufficient explanation for the Ponzo illusion. Figure 11 also illustrates an interesting qualification to the linear perspective family of theories. None of the observers in Experiment 4 spontaneously remarked that the stimuli (Figure 10 ) looked three-dimensional (they were not asked). However, several visual scientists, upon seeing the stimuli in Figure 10 , commented that they are ambiguous (like Figure 11) . They may be perceived as if looking down a long hallway or as a pyramid viewed from above. The illusion in Figure 10 (Condition 1) remains, regardless of how the figure is interpreted. If the depth relations in Figure 10 are ambiguous, the depth relations in the basic Ponzo illusion must also be ambiguous, and the linear perspective family of theories should specify why one interpretation is favored.
The above discussion highlights a fundamental difference between the orientation and the perspective approaches to the Ponzo illusion. For the tilt constancy theory, the most important stimulus component is the oblique contour nearest the stimulus. A single oblique line can affect orientation perception (e.g., Andriessen & Bouma, 1976) and thus can explain why a Ponzo illusion can occur with just a single oblique line (Fisher, 1968a) . Linear perspective, on the other hand, requires at least two lines. In terms of perspective, a single oblique line is ambiguous. We could have performed Experiment 4 with less elaborate stimuli, but a minimum of two context lines would be required to represent perspective. Thus, the linear perspective theory cannot explain a Ponzo illusion created with a single line (Fisher, 1968a) .
There are, of course, other problems with the sizeconstancy account of the Ponzo illusion. If the test lines are rotated 90º, the illusion disappears (e.g., Gillam, 1980) . That is, for example, if the vertical bars in Figure 1 are replaced by horizontal bars, there is no Ponzo illusion. These problems led Gillam (1973) to propose that it is not size scaling that causes the Ponzo illusion, but foreshortening scaling. However, foreshortening scaling makes the same predictions as size scaling for Experiment 4 and, therefore, is also inconsistent with the results of Experiment 4.
GENERAL DISCUSSIO N
Of the six theories of the Ponzo illusion tested in this investigation, the tilt constancy theory provided the best account of the findings. Experiment 1 demonstrated that the misperception of vertical alignment caused an illusion of the same magnitude as the Ponzo illusion. Furthermore, performance on the tilt induction task was highly correlated with the magnitude of the Ponzo illusion. Experiments 2A and 2B compared predictions of the tilt constancy theory with the low spatial frequency theory, a size-comparison theory, and the pool-and-store model. For these alternative theories, the orientation of the context lines is not important. The only important stimulus feature is the size of the gap between the context lines and the test lines. In this experiment, however, the presentation of oblique context lines-that is, those that distort orientation-was necessary to produce a Ponzo illusion. In Experiment 3, we tested predictions of the assimilation model by comparing the standard Ponzo figure with one consistent with the Müller-Lyer illusion. A standard Ponzo figure with oblique context lines produced a larger illusion than did a stimulus that was consistent with the Müller-Lyer illusion. In the final experiment, we compared predictions of the tilt constancy theory with those of the linear perspective family of theories. In this experiment, the stimuli were drawn in accordance with the rules of linear perspective. The only theory that was consistent with the entire set of experiments was the tilt constancy theory. Undoubtedly, there are theories that we have not explicitly mentioned. However, the present results provide constraints for all existing and future theories of the Ponzo illusion.
There are a number of other illusions that can be explained in a similar manner. The relation between the tilt induction effect and the Poggendorff illusion can be seen in Figure 12 . 5 Figure 12A depicts the tilt induction effect in which a vertical line, surrounded by oblique lines, is perceived as tilted in a clockwise direction. Gibson (1937) also reported the same illusion for an oblique line surrounded by vertical lines: The oblique line was perceived as having a greater tilt than it actually had (Figure 12B) . The direction of the illusion is indicated with arrows in Figure 12C . Finally, in Figure 12D , the center portion of the oblique line has been occluded. If the center portion of the oblique line is occluded and the orientation of the visible parts is misperceived, the result is the Poggendorff illusion-the oblique line segments will not be perceived as collinear.
In several ways, the Poggendorff illusion behaves similarly to the tilt induction, Zöllner, and Ponzo illusions. Like these other illusions, its magnitude is greater when it is presented in a vertical rather than horizontal orientation (e.g., Leibowitz & Toffey, 1966) , and it is also greater when the angle between the context lines and the test lines are in the same range as the Zöllner illusion (e.g., Green & Hoyle, 1964; Greene & Pavlow, 1989; Velinsky, 1925) .
Many other illusions appear to be related to the Zöll-ner figure (see Fisher, 1968b , for other examples that might fit this class of illusion). The bending of the horizontal lines in the Wündt-Hering illusion (Figure 1 lated to the angle between the context lines and the horizontal lines, yielding the perception of curvature. Note that linear perspective makes the wrong prediction for the Wündt-Hering illusion. If the point at which the oblique lines meet is the vanishing point, horizontal lines should appear horizontal. Second, the effects are local, so that the extent of bend is mostly determined by the closest context line. Speculatively, we would like to add the possibility that the cafe wall illusion could be considered an example of the Zöllner illusion. This possibility is illustrated in Figure 13 , in which the dark bricks may provide the oblique lines. One could also include in the group of illusions related to the Zöllner illusion the Fraser spiral. The Fraser twisted cord, however, probably has a different origin (see Tyler & Nakayama, 1984) .
It should be noted that our account of the Zöllner and Poggendorff illusions is not a theory of the misperception of angles but, rather, a theory of the misperception of orientation. By angles, we mean a stimulus that contains actual lines that meet at a point or nearly meet at a point. In 1861, Hering proposed that acute angles are always overestimated (Hering, 1861) . Although this theory cannot account for the Ponzo illusion, it has been used to explain the Zöllner, Poggendorff, and related illusions. In modern physiological terms, similar orientation-tuned neural units mutually inhibit each other, resulting in a larger perceived angle (Blakemore, Carpenter, & Georgeson, 1970) . This theory cannot be correct for the Zöllner or Poggendorff illusions, because both of these illusions can be obtained without intersecting lines or even lines that come close to intersecting (e.g., Pressey & Sweeney, 1972; Tyler & Nakayama, 1984; Wilson & Pressey, 1976) . We hypothesize that these illusions are due to a misperception of orientation, and thus our explanation does not require that the stimulus contain explicit angles.
The tilt constancy theory claims that these illusions are due to the misperception of orientation owing to visual context. The effect of visual context on the perception of vertical and horizontal is demonstrated by the tilt induction effect. The relevance of visual context to the sense of orientation in a naturalistic setting was dramatically illustrated by Asch and Witkin (1948) . Observers looked into a room that was rotated 22º. Observers' perception was influenced by the room so that the perception of vertical and horizontal was distorted in the direction of the tilted environment. This illusion, called the tilted room illusion, can be experienced at several roadside attractions and amusement parks (Banta, 1995; Knight, 1999; Shimamura & Prinzmetal, 2000 ; see also www. illusionworks.com). Howard has recently demonstrated that that the visual context can override shifts in gravity relative to body position (Howard, 1998; Howard & Childerson, 1994) . The tilted room illusion may be related to the pitch-box effect (Kleinhans, 1970; Matin & Li, 1995; Stoper & Cohen, 1986) . Witkin and Asch (1948) obtained a similar effect with a simple luminous rod and frame (i.e., the rod-and-frame effect). Coren and Hoy (1986) showed that a rod-andframe effect could be obtained with stimuli nearly identical to those used by Gibson (1937) . Note that this account of visual illusions refers to a normally adaptive process. Visual context normally provides veridical and stable information about orientations in the environment.
We have suggested that the mechanisms responsible for the tilted room illusion are the same as those responsible for other illusions of orientation (including the Ponzo illusion). This claim is controversial. On the one hand, Day (1972) suggested that the tilt induction effect, the Zöllner illusion, and the tilted room illusion of Asch and Witkin (1948) were all caused by the same mechanism. On the other hand, Howard proposed that although the Zöllner illusion and the tilt induction effect were caused by one mechanism, context illusions that involved large stimuli (the rod-and-frame effect and the tilted room illusion) were caused by a different mechanism. Four of the reasons given by Howard for believing that the large and the small context illusions are caused by different mechanisms are discussed below (Howard, 1982, pp. 155-156) . After considering these reasons, we have come to the conclusion that either the evidence supports Day's claim that the same mechanisms are involved or the evidence is equivocal.
First, Howard (1982) asserts that the large-scale illusions (tilted room, rod-and-frame effect) give much larger effects than the small-scale illusions (e.g., Zöllner illusion, tilt induction effect). He cites the finding of Asch and Witkin (1948) of a 20º error in setting a rod to vertical (or horizontal) in the tilted-room illusion. The tilt induction effect is much smaller. However, the 20º error cited by Howard was found in very particular circum- A B stances (see . For example, the observer was seated in a chair that was tilted 24º. The observers went through an elaborate 7-min indoctrination period so that they would accept the room as upright. Under less unusual circumstances, Asch and Witkin reported a much smaller illusion. Indeed, Wenderoth (1974) has shown that the magnitude of the rod-and-frame effect is often overestimated. When estimated correctly, it is similar to the tilt induction effect. We have measured the tilted room illusion in a naturalistic context and found that it can be similar in magnitude to the tilt induction effect in the laboratory (Shimamura & Prinzmetal, 2000) . For the tilt induction effect, the larger the context, the larger the illusion (Johnstone & Wenderoth, 1989; Shimamura & Prinzmetal, 1999; Wenderoth & Johnstone, 1988) . The only generalization that emerges is that the greater the amount of context a stimulus contains, the larger the orientation illusion.
The second reason that Howard gives for believing that the large and the small context effects are different is that the large context effects show a special role of peripheral presentation. The evidence for this assertion is a comprehensive series of experiments by Ebenholtz and his colleagues, demonstrating that the magnitude of the rod-and-frame effect increases as the stimulus gets retinally larger (e.g., Ebenholtz, 1977 Ebenholtz, , 1985 Ebenholtz & Callan, 1980) . As the stimulus gets larger, the frame falls more in the periphery. In contrast, Muir and Over (1970) found that the tilt-after effect did not vary with eccentricity. However, this comparison is flawed. Muir and Over used the same stimulus presented at different eccentricities, whereas with the rod-and-frame task, increasing the size of the frame increase its eccentricity and its size. As was mentioned above, increasing the size of the tilt induction stimulus increases the magnitude of the illusion.
Third, Howard argues that the tilt induction effect (and the Zöllner illusion) is greatly diminished when the context is separated from the test line (e.g., Johnstone & Wenderoth, 1989) , whereas with the rod-and-frame task, context (the frame) can have an influence over large distances. Note, however, that the rod-and-frame task behaves in exactly the same manner as the tilt induction effect: As the gap between the rod and the frame increases, the effect diminishes (Coren & Hoy, 1986; Zoccolotti, Antonucci, & Spinelli, 1993) . Clearly, quantitative comparisons about the magnitude of the effect of distance are difficult to make, because a small gap between the context and the test line in the fovea may have a larger effect than a large gap in the periphery. Note that increasing the distance between the context and the test portions of the stimulus reduces the magnitude of both the Zöllner (Oyama, 1975; Wallace, 1969) and the Ponzo (Fisher, 1968b) illusions.
Finally, Howard argues that the tilted-room illusion involves cognitive factors, such as the degree of realism in the tilted scene. However, he points out that the tilt induction effect does not involve familiar objects. (Note that, by this argument, the rod-and-frame effect would be caused by a different mechanism than the tilted room illusion.) Howard has persuasively argued elsewhere that cognitive variables come into play when the orientation of the stimulus becomes ambiguous (Howard & Childerson, 1994) . Thus, when the rotation of a room, frame, or grating approaches 45º, directions (e.g., top, bottom, left, right) become ambiguous. Cognitive factors, such as the intrinsic orientation of real-world objects, may disambiguate orientation. We simply do not know whether cognitive factors would similarly influence the tilt induction effect as the stimulus orientation approaches 45º. This hypothesis has not been tested.
Recently, Prinzmetal and Beck (in press ) have tested the notion that the Ponzo, Zöllner, Poggendorff, and tilt induction illusions are caused by the same mechanism as the tilted room illusion and the rod-and-frame effect. They reasoned that if the same mechanisms are responsible for the small-scale illusions as for the tilted room illusion, variables that affect the tilted room illusion should similarly affect these other illusions. Asch and Witkin discovered that tilting the observer increased both the tilted room illusion and the rod-and-frame effect ; see also DiLorenzo & Rock, 1982) . Presumably, tilting observers makes them rely more on visual cues to orientation and less on gravity-based cues. Prinzmetal and Beck discovered that tilting observers increased the Ponzo, Zöllner, Poggendorff, and tilt induction illusions but did not affect a control condition (the Müller-Lyer illusion). Thus, a critical variable that influences the tilted room illusion affects other orientation illusions, suggesting that a common mechanism may underlie both types of phenomena. Other accounts of the Ponzo illusion would not predict this result.
Note that, like theorists before us, we attribute these orientation illusions to normally adaptive processes. Normally, visual cues to orientations in the world help us maintain a stable representation of orientation, despite changes in retinal orientation. It is only in the tilted roomas demonstrated in the antigravity house-that these normally adaptive cues to orientation lead us astray. These same processes can use local information to determine orientation, and it is the local cues to orientation that cause the Ponzo illusion.
